A review study on integrated active steering and braking control for vehicle yaw stability system is conducted and its finding is discussed in this paper. For road-vehicle dynamic, lateral dynamic control is important in order to determine the vehicle stability. The aw stability control system is the prominent approach for vehicle lateral dynamics where the actual yaw rate and sideslip should be tracked by the controller close to the desired response. To improve the performance of yaw stability control during steady state and critical driving conditions, a current approach using active control of integrated steering and braking could be implemented. This review study discusses the vehicle models, control objectives, control problems and propose control strategies for vehicle yaw stability control system. In the view of control system engineering, the transient performances of tracking control are essential. Based on the review, this paper discusses a basic concept of control strategy based on the composite nonlinear feedback (CNF) and sliding mode control (SMC) whichcan be proposed for integrated active steering and braking control in order to improve the transient performances of the yaw rate and sideslip tracking control in the presence of uncertainties and disturbances.
1.0 INTRODUCTION
This paper presented a review study on integrated active steering and braking control for yaw stability control system of roadvehicles. The main objective of this paper is to provide an overview and comprehensive understanding of the main elements in yaw stability control system and its control strategies in improving vehicle handling and stability performances.
In vehicle dynamics studies, vehicle stability is determined by the lateral dynamic motion where yaw stability control system is one of the prominent approaches for lateral dynamics control and it can be controlled by using steering and braking subsystem.
In yaw stability control strategy, it is required that designed controller could control the actual vehicle yaw rate and sideslip angle with fast responses and good tracking capability in following the desired responses. Improper commands to steering and braking subsystems by the driver during critical driving manoeuvres can cause the vehicle to become unstable and could lead to accidents. Therefore, an active control is essential to assist the driver to keep the vehicle stable on the desired path. By keeping the actual yaw rate and sideslip close to the desired responses, the active steering and braking control could improve the handling and stability performances. However, in real environment, the dynamics of the vehicle are incorporated with disturbances and uncertainties due to varying parameters which can influence the yaw stability control performances.
This review study is focused on the main elements of integrated active steering and braking control and its control strategies for particular problems. The reviews begin with the vehicle dynamics models,presented in Section 2. The yaw stability control objectives and problems are reviewed in Section 3 and followed by control strategies of integrated active steering and braking control system in Section 4. Section 5 discussed the basic concept of high performance robust tracking control strategy and lastly the paper ends with the conclusion in Section 6.
In a control system design requirement, the modeling of a dynamic system is vital as it represents the behaviour and characteristics of the system being controlled. In vehicle dynamics studies, the mathematical modeling of the vehicle dynamic motions is modeled based on physical laws that describe the forces and moments acting on the vehicle body and tires. This section will brief the dynamics of nonlinear 7 degree-of-freedom (DOF) vehicle model, linear bicycle model, and a reference model with the main assumption that the vehicle is moving with constant speed on plane surface where the roll and pitch motionsare neglected.
Nonlinear 7 DOF Vehicle Model
Vehicle motion with nonlinear tire forces represents a nonlinear system. Nonlinear full vehicle model is usually used to simulate a real vehicle in order to validate the controller that has been designed. It could have different number of DOF where itrepresents the complex vehicle according to their control structure and algorithm. As utilized in [1] [2] [3] [4] [5] the 7 DOF dynamic vehicle model would record thelongitudinal,lateral and yaw dynamic motions of the vehicle body while the four tires represented four wheel dynamic motions.
Another non-linear full vehicle model that wasextensively used for integrated active steering and braking control is the 8 DOF vehicle model as discussed in [6] [7] [8] [9] [10] [11] [12] . In this model, the dynamics of the 7 DOF vehicle model is extended with roll motion included. Besides that, the nonlinear vehicle model possesses 27 DOF based on commercial vehicle dynamics software such as CarSim, is also utilized in order to evaluate the proposed controller as implemented in [13] [14] [15] [16] [17] [18] . However, in vehicle yaw stability system for vehicle handling and stability improvement, the nonlinear 7 DOF vehicle model that neglected roll and pitch motion is sufficient for simulation and evaluation of the controller design. The typical full vehicle model in cornering manoeuvre is shown in Figure 1 while the vehicle parameters are described in Table 1 . On the plane surface (planar motion) where the roll and pitch motions are neglected, the dynamics equations for 3 DOF of longitudinal, lateral and yaw motions of the vehicle body are described based on Newton's 2nd law of rigid body as follows [19] ; In vehicle dynamics studies, each wheel represents 1 DOF. Thus, there are 4 DOF for road vehicle with 4 wheels. The dynamic motion for each wheel is described as follows [19] ; (5) where is wheel angular acceleration, R wi is wheel radius, is wheel inertia, [1, 2, 4-8, 11, 12, 14, 18, 20-24] . The details of Pacejka tire model can be referred to in [25] . 
Linear Bicycle Model
The classical linear bicycle model as shown in Figure 2 is the linearized model from the nonlinear full vehicle model. It is prominently used to analyse and design the yaw stability controller for vehicle lateral dynamics as mentioned in [5-7, 9-11, 16, 18, 22, 26-28] . Based on assumptions as discussed in the literature, linear bicycle model consists of 2 DOF for lateral and yaw motion only which can be represented in linear state space model as follows [19] ;
where the parameters and are the same as shown in Table 1 . The input of the model is the front wheel steer angle while the outputs or controlled variables are vehicle sideslip angle and yaw rate . Notice that vehicle speed is always assumed constant which means the vehicle is not involved with accelerating and braking. 
Reference Model
The reference model is essential in order to generate the desired response of vehicle side slip and yaw rate so that the designed controller is able to track these desired responses. According to [19] a desired model to be followed by an actual vehicle model is based on linear bicycle model in steady state condition. Since the vehicle sideslip is the deviation angle between vehicle longitudinal axis and its motion direction, the desired sideslip for steady state condition is always zero. The desired yaw rate response, in steady state cornering can be approximated as first order system which is obtained in term of steering angle , vehicle speed and vehicle parameters as follows [19] ;
where is known as understeer parameter and defined as follows [19] ; (8) Hence, the state equations of the desired vehicle model can be expressed as follows [3, 8, 13, 29, 30] ; (9) where (10) (11) (12) (13) and is understeer parameter as given in equation (8) . Notice also that and in equation (10) and (11) are as described in equation (6) .
3.0 YAW CONTROLOBJECTIVES& PROBLEMS
In vehicle yaw stability control system, the variables of yaw rate r and sideslip are very important to determine the stability of the vehicle. As discussed in [31] , control objectives of yaw stability control may be classified into three categories i.e. yaw rate control, sideslip control or combined yaw rate & sideslip control. Yaw rate control is more concerned with improving the manoeuverability or handling of vehicle while sideslip control will determine the lateral stability. In order to improve the vehicle handling and stability performances, a combined yaw rate and sideslip tracking control are essential. In integrated active steering and braking control, steering angle and yaw moment are considered as two independent inputs for steering and braking actuators [32] . The desired yaw rate and sideslip that were generated by reference model should be able to be tracked by the yaw stability controller. Based on the tracking error, the yaw stability controller will determine an appropriate correction of steering angle and yaw moment as implemented in [2, 3, 5, 10, 11, 16, 17, 27, 29, 30] . In integrated active steering and braking control for vehicle yaw stability, one of the main problems that influence yaw rate and sideslip tracking control are uncertainties causedby variations of dynamics parameters such as vehicle speed [1, 6, 22] , road surface adhesion coefficients [4] , tire cornering stiffness [9, 10, 14, 22, 29] , vehicle mass and moment of inertia [14] . Besides that, external disturbance such as lateral crosswind [8, 17] may affect the trackingcontrol of the desired yaw rate and sideslip. Therefore, the uncertainties of dynamic parameters and crosswind disturbance that have great influencesto the vehicle handling and stability performances must be overcome. In order toachieve yaw stability controlobjectives in the presenceof these problems, an appropriate control strategy is essential.
4.0 INTEGRATED ACTIVE STEERING & BRAKING CONTROL STRATEGIES
In vehicle yaw stability system, yaw rate and sideslip tracking control can be achieved via active chassis control i.e. active steering, active braking or integrated active steering and braking control. In this section, the control structure and algorithms of integrated active steering and braking control that was designedis reviewed and discussed. 
4.1Control Structure
In recent years, an integration of active front steering (AFS) and braking that are based on direct yaw moment control (DYC) method has become a popular research topic in vehicle dynamics studies especially for lateral and yaw stability control as reported in [1, 5, 9, 10, 20-22, 26, 28-30, 33] . As discussed earlier, two independent inputs to the vehicle i.e. corrective steer angle and yaw moment as illustrated in Figure 3 will give advantages for vehicle handling and stability performances improvement during steady state and critical driving manoeuvres. To overcome the presence of uncertainties and crosswind disturbances as discussed above, robust algorithms for the controller is a necessity.
4.2Yaw Stability Control Algorithms
In order to implement robust yaw stability controller, a linear state space model of integrated active front steering and direct yaw moment control as described in equation (14) is utilized for the controller analysis. Based on this model, control algorithm is designed to cater to the uncertainties and external disturbances. (14) Studies in [1, 4, 22] considered the road adhesion coefficient, vehicle speed, cornering and braking stiffness as uncertainties parameters. Gain-scheduled algorithm is implemented in [1] whilestate feedback robust controller is designed based on linear matrix inequality (LMI) in [4, 22] to ensure the robustness of performance for integrated active front steering and active differential braking control. In integrated vehicle dynamics control of [6] , phase plane method was used for dynamic stability control while sliding mode control algorithm was utilized for the active front steering in order to cater to the uncertainties. Due to the high nonlinearity and uncertainty of the wheel dynamics, the sliding mode control algorithm was utilised in [7] for active braking and active front steering control. Furthermore, it works with MR suspension system for ride comfort and vehicle stability improvement.
As discussed in [9] , cornering stiffness are considered as uncertainty parameter. To ensure the robustness of the designed controller, an adaptive integrated control algorithm based on direct Lyapunov method is designed for integrated active front steering and direct yaw moment control. In [10] an optimal guaranteed cost control (OGCC) technique is utilized for active front steering and direct yaw moment control to cater for the uncertainty of tire cornering stiffness during variations of driving conditions. In [14] an integrated control of active differential and active front steering had utilized PI control scheme based on yaw rate error. Tire cornering stiffness, vehicle mass and moment of inertia are treated as uncertainties parameters.
Integrated control schemes that coordinated the steering, braking and stabiliser may consist of main loop and servo loop [15] . The main loop controller computes the stabilizing forces/moments while servo loop controller consistsof the forces/moments distribution. In this study, sliding mode controller is utilized for stabilising the forces and moments to ensure the robustness of controller. In unified chassis control scheme [16] , the tire cornering stiffness is considered as uncertainty parameter and sliding mode control algorithm is used to design robust direct yaw moment control in order to improve lateral stability and vehicle handling. For global chassis control [20] a robust controller is designed based on nonlinear adaptive control theory to attenuate an external disturbances and uncertainties of vehicle mass, moment of inertia and centre of gravity position.
Similarly in [6] , the study in [27] used sliding mode control for active front steering in integrated control with electronic stability program to ensure robustness against uncertainties of vehicle mass, speed and road conditions. In [29] , sliding mode control algorithm is also utilized as robust yaw stability and sideslip control for integrated active front steering and direct yaw moment. The designed controller was able to track the desired yaw rate and vehicle side slip with crosswind as an external disturbance and cornering stiffness as system uncertainty.
Based on the above discussion, integrated active front steering and direct yaw moment control or differential braking that use two independent control inputs from two different actuators i.e. steering and braking could improve the yaw rate and sideslip tracking control. From the point of view of tracking control, the transient response performance is very important. However, the control strategies and algorithms discussed above does not improve the transient response performances of the yaw rate and sideslip tracking control in the presence of uncertainties and disturbances. The designed controllers are only sufficient to track thedesired responses in the presence of such problems. Therefore, an appropriate control strategy that could improve the transientresponse performance for robust tracking control of vehicle yaw rate and sideslip shouldbe designed and developed for integrated active steering and braking control.
5.0 HIGH PERFORMANCE ROBUST TRACKING CONTROL STRATEGY
In previous sections, the control algorithms to ensure a robustyaw stability controller designwere discussed. In this section, a proposed robust tracking control strategy with high performance based on composite non-linear feedback (CNF) control and sliding mode control (SMC) is discussed in brief.
5.1Composite Nonlinear Feedback Control
The composite nonlinear feedback (CNF) control technique that is based on state feedback law could improve the transient performances as designed and implemented in [34] for tracking control of 2 nd order linear system and higher order MIMO linear system as implemented in [35] . It was extended and generalized for linear system with actuator nonlinearities in [36] , general multivariable system with input saturation in [37] , hard disk drive servo system, servo positioning system with disturbance in [38] [39] [40] [41] and is continuously developed and applied in last decade. 
H
As in the above studies, the use of CNF control could improve the performance of transient response, especially for a second order system based on variable damping ratios. For most practical situation, it is desired to obtain a fast response with small overshoot, but in fact, most of control scheme makes a trade-off between these two transient performance parameters. Hence, the CNF control technique keep low damping ratio during transient and varied to high damping ratio as the output response closed to the set point as illustrated in Figure 4 .
Figure 4Transient
response improvement using a CNF control technique [36] To realize this concept of variable damping ratio, the CNF control law is designed toinclude the linear and nonlinear feedback laws as described in the following equations; The nonlinear function is used to change the damping ratio of closed loop system from low to final high value as the output approaches the reference r. The parameters and are appropriate positive performances i.e.tuned to yield a desired performances giving fast settling time and small overshoot.
Although the CNF control technique has an advantage in improving transient response, its control structure could not cater to the system with uncertainties and varying disturbances. Therefore, to make the CNF robust without changing its structure, it could be combined with sliding mode control for high performance robust tracking control.
5.2Sliding Mode Control with Nonlinear Sliding Surface
Sliding mode control (SMC) algorithm that had been developed in the last two decades is recognized as an effective robust controller to cater to the matched and mismatched uncertainties and disturbances for linear and nonlinear system. It is also utilized as an observer for estimation and identification purposes in engineering system. Various applications using SMC such as in motion control system, servo system, continuous or discrete system, fuzzy and neural network system, electrical motor and drive, power electronics converters, magnetic bearings, advanced robotics, automotive vehicles and underwater vehicles are discussed in [42] [43] [44] .
Sliding mode control design consists of two important steps i.e. the design of a sliding surface and the design of the control law so that the system states are enforced to the sliding surface. The design of the sliding surface is very important as it will determine the dynamics of the system being controlled. A conventional linear sliding surface of SMC has a disadvantage in improving transient response performance of the system due to constant close loop damping ratio. Thus, a nonlinear sliding surface that changes a closed loop system damping ratio to achieve high performance of the transient response, and at the same time ensure the robustness has been proposed in [45] [46] [47] . This concept of varying close loop damping ratio is based on the composite nonlinear feedback (CNF) control as discussed previously. Recently, this type of nonlinear sliding surface is extensively applied for SMC design in current research works [48] [49] [50] .
Based on tracking error, the nonlinear sliding surface using a nonlinear function of CNF for yaw stability control system can be described as follows (19) where (20) with and representingthe yaw rate and sideslip tracking error respectively. Notice that the nonlinear function can be chosen from equations (16 -18) and is the identity matrix.
Based on the above discussion, the SMC with nonlinear sliding surface based on CNF technique could achieve high performance with the robustness for uncertain systems. It could improve the transient response performance in the presence of uncertainties and external disturbances. In addition, it is found that this control strategy is not yet been examined for vehicle yaw stability control system and should be further investigated. Therefore, this control technique has initiated a motivation to implement with integrated active steering and braking,a robust yaw rate and sideslip tracking control.
6.0 CONCLUSION
The main elements of vehicle yaw stability control system have been reviewed. Vehicle models, control objectives, control problems and control algorithms for integrated active steering and braking control have been discussed and presented. It is observed that the designed controllers is not capable to improve the transient response of the yaw rate and sideslip tracking control, especially in the presence of uncertainties and disturbances where theyare only sufficient to track the desired responses. It is also found thata control strategy using the sliding mode control algorithm with nonlinear sliding surface based on CNF control technique is proposed. It is expected that such control strategy could be implemented for integrated active steering and braking control in order to achieve high performances for robust tracking control of vehicle's yaw rate and sideslip, improvingthe vehicle handling and stability. Acknowledgement 
